
Vol.:(0123456789)

SN Applied Sciences           (2023) 5:385  | https://doi.org/10.1007/s42452-023-05593-4

Review

Cancer nanomedicine: emergence, expansion, and expectations

Keerthana Suresh Kizhakkanoodan1 · Yuvraj Rallapalli1 · Joyceline Praveena1 · Sriprasad Acharya2 · 
Bharath Raja Guru1 

Received: 5 September 2023 / Accepted: 13 November 2023

© The Author(s) 2023    OPEN

Abstract
The introduction of cancer nanomedicine has substantially enhanced the effectiveness of cancer treatments. Nano-for-
mulations are becoming more prevalent among other treatment methods due to their improved therapeutic efficacy and 
low systemic toxicity. The discovery of the enhanced permeability and retention (EPR) effect has led to the development 
of numerous nanodrugs that passively target tumours. Then researchers identified certain cancer cells overexpress certain 
receptors, targeting these over-expressing receptors using targeting moiety on the surface of the nanoparticles becomes 
promising and surface functionalization of nanoparticles has become an important area of cancer nanomedicine. This 
leads to the physiochemical modification of nanoparticles for strengthening the EPR effect and active targeting. This 
review comprehensively outlines the origins of cancer nanomedicine, the role of the EPR effect, the tools of nanotech-
nology and their specifications, and the nature of passive and active targeting, which gives important direction for the 
progress of cancer therapy using nanomedicine. The review briefly enlists the available nano formulations for different 
cancers and attempts were made to account for the barriers to clinical translation. The review also briefly describes the 
transition of research from nanomedicine to nano-immunotherapy.

Keywords  Active targeting · Clinical translation · EPR effect · Organic and inorganic nanocarriers · Nano-
immunotherapy

1  Introduction

Cancer nanomedicine is at a point of debate when we col-
lectively analyze the past 15 years of its growth and con-
tribution to medicine. Recent discussions have conveyed 
that the influence of nanotechnology is supreme in the 
research world, but its societal impact on health and trans-
lation from research to product is very minimal. Dr Kinam 
Park remarked in the cover story of the Journal of control 
release that the nanomedicine hype is close to an unfortu-
nate end by quoting the announcement of the US National 
Cancer Institute (NCI) about the stoppage of funding for its 
Centres of Cancer Nanotechnology Excellence (CCNEs) [1]. 

However, the revolutionary 60-year journey and the shift 
from Feynman’s nanotechnology [2] to Metchnikov and 
Ehrlich’s nanomedicine should not go unnoticed. The shift 
in using nanomedicine for cancer therapy is promoted by 
the introduction of Professor Maeda’s enhanced perme-
ability and retention (EPR) effect. It was a pioneering con-
cept in the 1980s [3] and found its way to clinical use over 
the last three decades. Most of the commercialized nan-
odrugs for cancer treatment entirely use the special trans-
port capabilities made possible by the EPR effect to enter 
the tumour and exert an anticancer impact. From the very 
primitive Doxil (1995) to the modified multi-drug Vyxeos 
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(2017) and Hensify (2019), nanomedicine substantiates its 
significance over conventional therapies for cancer.

The meritorious benefits of nanodrugs can only be 
revealed when compared to traditional tumour treat-
ment methods. Since the most widely used chemotherapy 
agents fail to differentiate between normal and cancer-
ous cells [4], patients are more likely to experience treat-
ment failures as well as undesirable side effects. Initially, 
the nanomedicine used for cancer treatment was based 
on its enhanced accumulation in the tumour site because 
of the leaky vasculature, poor lymphatic drainage, and 
tumour microenvironment factors that promote cellular 
permeability. Apart from passive choosing, the exclusive 
and active targeting of tumour cells by nanodrugs [5] was 
initiated in the noughties with the utilization of targeting 
moieties like antibodies, aptamers, ligands, peptides, etc. 
Modern antibody technology joined hands with nano-
medicine to use monoclonal antibodies [6] and small anti-
body constructs for targeting specific cell surface markers 
in tumour cells. Concurrently, ligand-based targeting has 
also progressed well. The overexpression of transferrin 
[7, 8], folate [7, 9], and integrin [10, 11] receptors served 
as tumour cell surface markers, and ligands for the same 
were employed to synthesize surface-functionalized nano-
formulations [7–10, 12–14]. All these biggest expansions 
in nano-based cancer therapies for the past 20 years are 
remarkable and designated as the “golden era” of cancer 
clinical trials.

The evolution of cancer nanomedicine is like an ocean 
being filled drop-by-drop. Its genesis is grateful to the 
contributions of chemistry, polymer science, biophys-
ics, and molecular biology. The power and popularity of 
nanodrugs in cancer treatments have been revealed by 
the 20,300 publications in the last year and the 192 active 
clinical trials around the world. The sixth-most significant 
growth technology to monitor over the next 10 years, 
according to Forbes in 2021, is nanotechnology. In this 
review, we will showcase the entry of nanodrugs in cancer 
treatment, their superiority over conventional therapies, 
available nano-formulations, ongoing developments, and 
the drawbacks of existing systems while exploring differ-
ent types of nanoparticles and their features.

2 � Setbacks in conventional cancer 
treatments

Conventional cancer therapies involve chemotherapeu-
tic agents that disrupt regular cellular functions, causing 
apoptosis or limiting the proliferation rate. Primary chemo-
therapeutic agents are Doxorubicin, Daunorubicin, Pacli-
taxel, Docetaxel, and Cisplatin. The Anthracyclines drugs, 
Daunorubicin and Doxorubicin are considered effective 

drugs that stimulate high toxicity towards various aggres-
sive tumours like breast cancer, myeloblastic leukaemia, 
and lymphoma [15]. Even though these drugs are thera-
peutically effective, their inability to distinguish between 
healthy and tumour tissues followed by the unselective 
targeting leads to severe side effects [4]. The vigorous 
growth and metastasis of tumour make them unavailable 
for getting targeted by antitumour drugs.

3 � Convergence of nanomedicine 
to conventional cancer therapy

Nanomedicine is not a discrete treatment strategy for 
cancer. It is a focused unit of traditional treatment strat-
egies to improve drug delivery and overall therapeutic 
efficacy. Nanotechnology has become the limelight of 
drug delivery research due to the advantages of reduced 
drug toxicity and increased drug bioavailability. By utiliz-
ing nanotechnology, drugs may be dissolved, adsorbed, 
and covalently attached to the surface of nanocarriers, as 
well as encapsulated and embedded within nanocarriers 
[16]. Through cell-specific targeting, molecular transport 
to specific organelles, and other techniques, nanotechnol-
ogy might help overcome the constraints of traditional 
delivery, which range from large-scale challenges like bio-
distribution to smaller-scale obstacles like intracellular traf-
ficking [17]. This reduces drug wastage by preventing its 
transfer to normal tissues and increases treatment safety. 
Nanoparticles are moieties in the nano range (10−9 m); 
which are particularly effective due to their small size, 
stability, and varied compositions. This provides greater 
access to the tumour tissue resulting in higher drug accu-
mulation at the tumour site [18].

Tumour physiology and its differences from normal tis-
sue is also a vital aspect of drug delivery. The sprouting of 
new blood vessels from the existing capillaries followed 
by the neovascularization of malignant growth transforms 
the tumour vasculature into complex and indistinct. In 
contrast to the normal cells, the morphology and posi-
tioning of the tumour vasculature are random with the 
lack of a definite endothelial lining. This irregular margin 
of endothelial cells impairs the cellular tight junctions [19]. 
The pericytes which wrap the capillaries and the associ-
ated basement membrane are also weakly attached to the 
tumour endothelial cells [20]. The defective and excessive 
vascular network in the malignant cells permits high vas-
cular permeability, irregular blood flow, and faulty lym-
phatic drainage [21].

The exploration of anatomical differences of tumour tis-
sues to the normal ones along with the analysis of physical 
and chemical properties of anticancer drugs for selective 
drug delivery was first done by Maeda et al. [22–24]. They 
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chemically conjugated the poly(styrene-co-maleic acid) 
to an anticancer antibiotic protein (Neocarzinostatin) to 
extend the molecular size and produced a new drug for-
mulation, SMANCS (polystyrene-maleic acid conjugated 
neocarzinostatin) [24]. Later, the physio-chemical proper-
ties and biological activity of SMANCS were tested. The 
16 kDA, the anticancer proteinaceous drug proved its 
enhanced hydrophobicity, tumortropism, lymphotropism, 
and poor immunogenicity [3, 22, 23]. Compiling the for-
merly stated architectural imbalance of tumour tissues to 
the properties of a new drug derivative, the EPR effect was 
coined [3].

4 � EPR effect: the driving force of cancer 
nanomedicine

Most of the traditional anti-cancer drugs have molecu-
lar weights between 300 and 1500 Da, but their size and 
tumour-targeting ability were not linked till the EPR effect 
came into the picture. From 1979 to 1986, Maeda and col-
leagues worked on SMANCS and other macromolecules 
to test their preferential capability to accumulate within 
tumour cells. They have used other macromolecular 
plasma proteins and found that the proteins which are 
larger than 40 kDA have selective accumulation and more 
retention within the tumour site. The role of aberrant vas-
culature of blood and lymph vessels in the tumour for this 
preferential drug accumulation was detailed by Albumin-
Evans blue complex experiment. The 66 kDA—bovine 
serum albumin (BSA) was complexed with Evans Blue dye 
and injected into the centre of the tumour (mice). The 
qualitative and quantitative analysis deduced the longer 
retention time of dye within the tumour than in regular 
tissues [3]. The generalization of the EPR effect within 
the tumour was then stated. The simple definition of this 
special effect can be stated as “the mechanism of passive 
targeting that enables the enhanced permeability and 
retention of drugs with certain molecular weights (> 40 
kDA) in rapidly growing solid tumours due to their aber-
rant pathophysiology” (Fig. 1).

Even though Maeda’s EPR was ground-breaking, it 
cannot be considered as a universal rule. Because the 
heterogeneity of the effect was spotted in tumours that 
differ in size, site, stage, and type. Tiny tumours at their 
initial stage have comparatively high vascular density and 
smooth blood flow. However, the increase in the size of 
more than 2 cm in diameter, and the appearance of more 
necrotic areas within tumours make them hypovascular 
in nature [25, 26]. The necrosis induced by hypoxia highly 
depends on the tumour volume and metastasis [26–29]. 
The advanced tumour growth is also correlated with solid 
stress followed by the shrinkage of tumour capillaries and 

less perfusion rate. Also, the interstitial pressures towards 
the tumour core are exceedingly high due to impaired 
lymphatic drainage and high vascular permeability. But 
the extremities of the tumour have lower pressure. Tumour 
interstitial pressure is also quite variable and region-
dependent [30–32]. The nanoparticles need to overcome 
the efflux of interstitial fluids to diffuse into the tumour, 
where it is retained due to the EPR effect. The reticuloen-
dothelial system (RES) or mononuclear phagocytic sys-
tem (MPS) is a significant obstacle for the drug to reach 
the tumour site. The macrophages present in the RES can 
remove foreign nanoparticles from the bloodstream. Their 
opsonin proteins can bind to the unprotected nanoparti-
cles, which get detected by liver macrophages [33]. The 
internal loop created by these microenvironment factors 
marks each tumour as unique and thereby rejects the gen-
eralization of the EPR effect.

5 � Progress of cancer nanomedicine

The theorization of Maeda’s EPR effect familiarized the 
nanomaterials to play a prominent role in cancer therapy. 
Recently, many nanomedicines got licenced and, a few 
were suggested as first-line treatments. New nanoparticle 
designs have exploited the advancements in controlled 
synthesis processes to combine complex structures, bio-
responsive moieties, and targeting agents to enhance 
delivery. Therefore, these NPs can be used as combination 
therapies to target certain cell surface macromolecules, 
such as proteins, carbohydrates, and efflux transporters, 
as well as specific phases of the cell cycle to modify vari-
ous oncogenic pathways and enhance therapeutic efficacy 
[34]. Nano-formulations approved by FDA/EMA/ under 
clinical trials for cancer treatment are listed (Table 1).

5.1 � Types and traits of cancer nanotherapeutics

Nanoparticles are particularly appealing for drug delivery 
due to their size as well as structure and surface properties. 
Easy modification of nanoparticle composition and struc-
ture are the main factors that can be altered for specific 
applications. This section will emphasize the various forms, 
characteristics, and applications of nanocarriers.

5.1.1 � Organic nanocarriers

Organic polymer-based nanocarriers are the most used 
drug delivery vehicles due to their significant charac-
teristics like low toxicity, biodegradability, biocompat-
ibility, small size, and prolonged circulation [35]. Upon 
degradation, there will be a release of non-toxic com-
ponents that get cleared by the RES. These properties 
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aided researchers in utilizing organic nanocarriers 
as drug delivery vehicles for controlled and target-
specific drug release. There are many types of organic 
nanocarriers like nanospheres (Fig. 2a), nanocapsules 
(Fig.  2b), and dendrimers (Fig.  2c. Nanospheres are 
spherical-shaped polymer matrices encapsulating the 
drug spread uniformly throughout the matrix, releas-
ing the drug by diffusion. The release rate of the drug 
depends on the composition of the matrix and its 
capacity to imbibe fluids [36, 37]. A study of 5-fluo-
rouracil release from molecularly imprinted hydrogel 
nanospheres exhibited enhanced binding sites in the 
polymeric matrix, along with a controlled release of the 
drug [38]. Nanocapsules are referred to as the reservoir 
of the drug delivery system since the drug is loaded 
into the core and protected by a polymeric membrane 
[39]. The decomposition of the polymeric membrane 
results in the release of the active ingredients from the 
core [40]. Dendrimers are nanoscale multi-branched 

surface-functionalized molecules with an inner core. 
The unique properties of dendrimers, like surface func-
tionality, spherical shape, and branches can be utilized 
as a drug delivery carrier [41]. The multi-branch surface 
helps bind and load different hydrophobic/hydrophilic 
anticancer drugs, where drugs are either complex or 
conjugated. Docosahexaenoic acid (DHA) and Pacli-
taxel conjugated to polyamide amine-based dendrimer 
(PAMAM-PTX) were formulated to improve anticancer 
efficacy and reduce toxicity. The study reported that 
conjugating DHA to PAMAM-PTX further increased cel-
lular toxicity towards cancer cells compared to PAMAM-
PTX [42]. Polylactic-co-glycolic acid (PLGA) is another 
extensively studied polymer for NP drug delivery and 
biological applications. Its biodegradability and bio-
compatibility are responsible for PLGA’s phenomenal 
success in drug delivery applications. This synthetic 
copolymer which is authorized by FDA and EMA is 
comprized of lactic acid and glycolic acid monomers in 

Fig. 1   Enhanced permeability 
and retention effect on tumour 
tissues aiding passive and 
active targeting therapies (Cre-
ated using Inkspace)
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Table 1   Nano-formulations approved by FDA/EMA/ under clinical trials for cancer treatment

Commercial name The active ingredient with 
delivery system

Manufacturer Disease condition Approved marketed/clinical 
trial status

Oncaspar PEGasparaginase Enzon Acute lymphocytic leukemia 1994 (FDA)
Doxil (Caelyx) Pegylated doxorubicin Orthobiotech, Schering-

Plough
Ovarian/breast cancer 1995 (FDA)

DaunoXome Liposome-encapsulated 
Daunorubicin

Gilead Science HIV-related Kaposi sarcoma 1996 (FDA)

DepoCyt Liposomal cytarabine Skye Pharma, EnzonEnzon Lymphomatous meningitis 1999 (FDA)
Ontak Diphtheria toxin and 

interleukin 2 bound to 
liposomes

Seragen, Inc cutaneous T-cell 1999 (FDA)

Myocet Liposome-encapsulated 
Doxorubicin

Elan/Sopherion therapeu-
tics

Breast cancer 2000 (Europe and Canada)

Abraxane Albumin-bound paclitaxel 
nanospheres

Abraxis, Bioscience, Astra 
Zeneca

Various cancers 2005 (FDA)

Nab paclitaxel in combina-
tion with Gemcitabine

Celgene Metastatic pancreatic cancer 2013 (FDA)

Genexol-PM Paclitaxel PEG-PLA poly-
meric micelle

Samyang Biopharmaceu-
ticals

Breast cancer, lung cancer, 
ovarian cancer

2007 (South Korea)

Mepact Mifamurtide Liposome 
(non-PEGylated)

Takeda Osteosarcoma 2009 (EMA)

NanoTherm Superparamagnetic iron 
oxide nanoparticles

Magforce Thermal ablation in glioblas-
toma multiforme; prostate 
and pancreatic cancers

2010 (EMA)
In phase I/II trials in other 

tumour types
Marqibo Vincristine Liposome (non-

PEGylated)
Talon, Merrimack Philadelphia chromosome-

negative lymphoblastic 
leukaemia

2012 (FDA)

Lipodox Doxorubicin Liposome Sun Pharmaceutical Indus-
tries

Ovarian cancer 2012 (FDA)

MM-398 Onivyde Irinotecan Liposome 
(PEGylated)

Ipsen Metastatic pancreatic cancer 2015 (FDA)

Eligard Leuprolide acetate lutein-
izing hormone-releasing 
hormone (LHRH) agonist

Tolmar Prostate cancer 2016 (FDA)

ABI-009 Rapamycin albumin-bound 
nanoparticles

AADi Bladder cancer Phase I/II (completed)

Aurimmune TNF-α Colloidal gold nano-
particles

CytImmune Sciences Solid tumours Phase II (completed)

Lipoplatin Cisplatin Liposomes Regulon Various cancers Phase III (completed)
Atragen All-trans-retinoic acid 

Liposomes
Aronex Acute promyelocytic leu-

kaemia
Phase II (completed)

LEP-ETU Paclitaxel Liposomes Neo Pharma Ovarian, breast, lung 
cancers

Phase I/II (completed)

Paclical Paclitaxel Micelles Oasmia Ovarian cancer Phase III (completed)
ThermoDox Doxorubicin Thermal-sensi-

tive liposomes
Celsion Hepatocellular carcinoma Phase III (completed)

CriPec Docetaxel Polymeric 
micelles

Cristal Solid tumour Phase I (completed)

CRLX101 Camptothecin Cyclodextrin-
based nanoparticles

Cerulean Non-small-cell lung cancer Phase II completed (com-
pleted)

PEP02 Irinotecan Liposomes Merrimack Advanced solid tumour Phase I (completed)
NK105 Paclitaxel Micelles Nippon Kayaku Metastatic breast cancer Phase III (completed)
OSI-211 Lurtotecan Liposomes OSI Lung and ovarian cancer Phase II (completed)
Nektar-102 Irinotecan PEGylated lipo-

some
Nektar Breast colorectal cancers Phase III (completed)

Aroplatin Cisplatin analog Liposomes Antigenics Colorectal cancer Phase I/II (active)
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varying proportions. All PLGA by-products are non-toxic 
and readily tolerated by the human body. The matrix 
degradation of PLGA nanoparticles (PLGA-NPs) is regu-
lated by molecular weight, the ratio of lactic to glycolic 
acid, and the number of acid terminal groups. In addi-
tion to their utility for controlled drug release, PLGA-
NPs have been extensively studied for their potential in 
targeted drug delivery due to their availability of vast 
surface area for functionalization, which permits active 
targeting. PLGA-NPs are composed of a polymer matrix 
containing their drug payload and have surfaces that 
may be coated with diverse functions to impart distinct 
properties [43].

5.1.2 � Lipid‑based nanocarriers and polymersomes

Lipid-based nanocarriers (Fig. 3a, b) and polymersomes 
(Fig. 3c) have been used in clinical and preclinical models 
for many years [44]. Most of the chemotherapeutic agents 
are hydrophobic. Lipid-based vehicles are used to improve 
their solubility and to reduce the toxicity of the drug. On 
the other hand, a few limitations like rapid clearance, 
non-specific uptake, and instability affect the therapeutic 
efficacy [45]. Many studies have been conducted to over-
come the limitations. Liposome surface-functionalized 
with Polyethylene glycol (PEG) showed increased bioavail-
ability due to reduced RES uptake [46, 47]. The formula-
tion of liposomes with novel lipid polymers increased the 
bioavailability and membrane stability [48]. To increase 

Table 1   (continued)

Commercial name The active ingredient with 
delivery system

Manufacturer Disease condition Approved marketed/clinical 
trial status

EndoTAG-I Paclitaxel Liposome SynCore Biotechnology Breast, and pancreatic 
cancers

Phase II (completed)

Source fda.gov, ema.europa.eu/en and Clinicaltrials.gov

Fig. 2   Organic nanocarriers a Nanosphere, b Cross-sectional view of nanocapsule, c Dendrimer (Created with Biorender.com)

Fig. 3   Lipid-based nanocarriers a Liposome, b Micelle, c Polymersomes (Created with Biorender.com)
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the target specificity in cancer therapy, liposomes, and 
micelles were conjugated with tumour-specific antibodies 
for effective treatment [49]. Recent research on lipid-based 
nanocarriers focuses on smart liposomes with multifunc-
tional properties, enzyme-sensitive liposomes, redox-stim-
ulated liposomes, and magnetic liposomes [50–53]. Like 
liposomes, synthetic spherical polymer vesicles known 
as polymersomes are used to deliver the drug moieties. 
Polymersomes are constructed of a polymer-based bilayer 
membrane with a liquid core containing the therapeutic 
agent [54]. A study of the synthesis of self-porating poly-
mersomes of PEG conjugated to polycaprolactone or poly-
lactic acid and hydrolysis triggered time-controlled release 
of the drug has been reported [55].

5.1.3 � Inorganic nanocarriers

Inorganic nanocarriers like metallic nanocarriers (Fig. 4a), 
carbon nanotubes (Fig. 4b), and quantum dots (Fig. 4c) 
play an essential role in the recent advances in drug 
delivery systems due to their multifunctional behav-
iours, meticulous surface characteristics, tunable phys-
icochemical properties, and size control. A series of inor-
ganic nanocarriers have been synthesized in the past few 
years with exceptional properties which can be used for 
cancer therapy. Gold nanoparticles (AuNPs) being one of 
them are widely studied in a variety of shapes, includ-
ing nanospheres, nanorods, nanostars, nanoshells, and 
nanocages possessing distinct physical, electrical, mag-
netic, and optical capabilities. AuNPs were employed as 
delivery vehicles for numerous cytotoxic drugs, unstable 
nucleic acid drugs, and hydrophobic/hydrophilic pho-
tosensitizers for photodynamic therapy (PDT). In addi-
tion, AuNPs have been utilized in cancer phototherapy, 
such as photo thermotherapy (PTT), by using their light-
absorption characteristics. In preclinical research, AuNPs 
have also been employed as contrast agents for biologi-
cal imaging, notably computed tomography (CT) imag-
ing, which assists doctors in recognizing tumour states 
and selecting appropriate therapy options [34, 56]. In 
addition to AuNPs, zinc oxide nanoparticles (ZnONPs) 
are explored extensively due to their biocompatibility 

and pH-dependent cytotoxicity via their dissolution 
into Zn2+ ions, which exhibit cancer cell-specific cyto-
toxicity. In addition, ZnONPs demonstrate a variety of 
biomedical applications in the fields of tissue engineer-
ing, targeted drug delivery systems, and bioimaging, and 
may be readily synthesized from affordable precursors 
[57]. Carbon-based nanomaterials are used significantly 
in drug delivery, imaging, and diagnosis of cancer. The 
physicochemical properties like modifiable surfaces, 
increased drug loading, and high surface area are a 
few excellent properties of carbon-based nanocarriers 
[58–63]. The development of multi-walled carbon nano-
tubes (MWCNTs) as carriers exhibited increased uptake, 
accumulation, and release of drugs at the tumour 
site [64]. The use of quantum dots in recent years has 
increased due to their unique optical properties. These 
semiconductor nanocrystals have extensive use in the 
diagnosis, and treatment of cancer [65, 66]. Quantum 
dots consist of an inorganic elemental core with metal-
lic exterior shells protected by coordinating ligands and 
amphiphilic polymer with good fluorescence emission 
spectra. The surface of the polymer-coated quantum 
dots can be PEGylated to increase circulation time and 
reduce immunogenicity [67]. The optical properties of 
quantum dots help to build resistance towards pho-
tobleaching [68]. Fluorescent quantum dots injected in 
the Xenopus embryo resulted in sharp contrast with no 
change in signal intensity even after 80 min of constant 
illumination. In contrast, a wide range of photobleaching 
was observed with the control [69].

5.2 � Physical traits of nanoparticles

The potential to target the tumour cells and exert a ther-
apeutic effect depend on the various physical features 
of nanoparticles [70]. The most accountable features and 
their benefits in the aspect of cancer therapy are tabu-
lated as follows (Table 2).

Fig. 4   Inorganic nanocarriers a Gold nanoparticle, b Carbon nanotube, c Quantum dots (Created with Biorender.com)
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6 � The shift from passive to active targeting

First, the general confusion between passive targeting 
and EPR-operated drug delivery can be clarified. Passive 
targeting is the diffusion and selective accumulation of 
low-molecular-weight drugs in tumours, followed by quick 
clearance from the site without any prolonged retention. 
In contrast, EPR-driven targeting is the preferential accu-
mulation and extended tumour retention of high molec-
ular weight nanodrugs for several weeks [82]. Both the 
pathophysiology of the tumour and the physiochemical 
characteristics of the nanoformulations have a significant 
impact on the effectiveness of EPR-driven tumour target-
ing. Each nanodrug’s size, shape, charge, surface area, and 
permeability can be tuned based on the type of cancer 
[70]. However, due to the hypovascularity of some malig-
nancies, particularly pancreatic and prostate tumours, the 
EPR effect does not apply to all tumour types [83]. Addi-
tionally, certain restrictions can affect the effectiveness 
of the passive treatment, such as poor drug loading that 
results in insufficient medication to achieve therapeuti-
cally effective concentration or delivering a larger amount 
of carrier materials that result in unfavourable side effects. 
Before the medicine reaches the target site, it frequently 
releases a sizable amount during burst release. It was still 
difficult to create an efficient nanocarrier system with low 
immunogenic characteristics, low toxicity, and increased 
accumulation of the nanocarrier at the target cells because 
of non-controlling physicochemical qualities and non-tar-
geted NPs [84]. Many commercially available nanomedi-
cines are first-generation medications that target cancer 
cells indirectly through the EPR effect. Approximately 
24 nanodrugs have been developed from Doxil (1995) 
to Pazenir (2019) and are currently being used to treat 
various malignancies. Second-generation nanodrugs are 

active tumour-targeting agents through receptor-ligand 
mechanisms. More than 20 such nanodrugs are in phase 
1 and 2 clinical trials but have not yet been approved for 
treatment [85].

6.1 � Designing of targeted nanodrugs

Active targeting is the usage of molecular recognition like 
antigen–antibody or ligand–receptor interaction to deliver 
the drug to a specific site. Ligands can be conjugated to 
the NPs, which interact with a receptor at the target site. 
An antibody can be associated with the NP to make it bind 
to a specific antigen. For example, a ligand-bound, drug-
carrying NP can enter the cell due to receptor-mediated 
endocytosis and initiate cytotoxic action [39]. This speci-
ficity allows us to identify overexpressed receptors such 
as CD44, folate, transferrin, etc., thereby minimizing side 
effects. Actively targeted NPs have been found to have 
performed significantly more than the non-targeted ones 
with reduced side effects and increased therapeutic effi-
ciency [86]. Important active targeting moieties are dis-
cussed below.

6.1.1 � Antibodies

Antibodies are Y-shaped proteins that play a vital role in 
neutralizing foreign substances in the body. Antitumour 
activity of unconjugated antibodies is seen in colorectal 
cancers, breast cancers, lymphomas, chronic lympho-
cytic leukaemia, and non-Hodgkin’s lymphomas [87, 88]. 
In the past, there have been problems associated with 
using mouse antibodies that have led to an immuno-
logical response against the antibodies themselves. But 
with advances in technology, numerous types of anti-
bodies and antibody–drug conjugates take advantage of 

Table 2   Effects of physical features on nanoparticles

Physical features Effects

Size Mononuclear phagocytic clearance system (MPS): Small nanoparticles have a lower chance of being ingested by mac-
rophages than large ones. The MPS primarily removes particles that are 200 nm or larger [71, 70]

Renal and liver filtration: Sizes smaller than 50 nm could easily breach the endothelium and become lodged in the liver, 
while particles less than 5.5 nm are much more easily eliminated by urine [71, 70]

Tumour penetration and retention: Larger nanoparticles tend to have great tumour retention, but the smaller ones pos-
sess better penetration. Due to the pore size difference between the tumour cell’s vessel walls (40–200 nm) and the 
normal ones (6–12 nm), the ideal particle size to show the EPR effect is 100–150 nm [71, 70]

Shape Hydrodynamic margination: It dictates the flow of nanoparticles to the tumour cell walls and effective interactions 
[72]. Oblate particles show greater adhesive strength to target tumour cells and a higher drug loading than classical 
spherical nanoparticles [72–74]

MPS clearance: Oblate form of particles will have extended time in blood circulation since macrophage absorption is 
reduced [75–78]

Surface charge Cellular localization and biodistribution: Negatively charged blood vessels cause repulsion when anionic nanoparticles 
are used, and this contributes to less cellular uptake. Cationic nanoparticles show enhanced penetration and cross the 
blood–brain barrier [79–81]
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receptors like CD 20, Alpha-v integrin, EGFR, etc., which 
have been developed and approved for treatment by the 
FDA [87, 89]. Antibodies coupled with drug-NPs attach 
to antigens of the tumours and help achieve the desired 
outcome. Monoclonal antibodies are widely used to tar-
get numerous receptors, including the epidermal growth 
factor receptor (EGFR), which is overexpressed in a wide 
range of tumours, with the human epidermal receptor-2 
(HER-2) being over-expressed in most breast cancer cases. 
Anti-HER-2 or anti-EGFR monoclonal antibody-conjugated 
NPs have also been comprehensively studied as potential 
therapeutics [87, 90]. Bispecific antibodies that can bind 
to two different epitopes have also garnered the lime-
light in the recent decade, with a couple of them already 
approved by the FDA. Antibodies could be engineered to 
possess affinity toward two different antigens, thereby 
increasing their therapeutic efficacy [87, 91].

6.1.2 � Transferrin

Transferrin receptor 1 (TfR 1) encodes a 95-kDa homodi-
meric transmembrane glycoprotein necessary for cellular 
iron uptake. Roughly tenfold overexpression of TfR on 
the cell surface of various cancers makes it an attractive 
molecule for targeted cancer therapy [86, 92]. A cytotoxic 
response could be achieved by blocking the receptors’ 
natural function or by delivering the drug molecules into 
the tumour cells [93]. Initially, more studies were con-
ducted on Doxorubicin-transferrin (Dox-TfR) conjugate 
[94]. Doxorubicin was a widely accepted drug for various 
tumours like bone sarcomas, acute lymphoblastic leu-
kaemia (ALL), mammary carcinoma, and ovarian cancer. 
But the tumour-killing potential of the drug was over-
shadowed by its cardiotoxicity [95]. So, a range of Dox-TfR 
conjugates was tested for selective drug delivery to the 
tumour site [96–100]. Dexamethasone conjugated solid 
lipid nanoparticles (SLN) surface modified with Transferrin-
PEG-Phosphatidylethanolamine enhanced the tumour-tar-
geted transfection [93]. Recently, Transferrin-conjugated 
lipid-based polymer micelles encapsulated with curcumin 
could produce a greater accumulation of drugs inside the 
tumour and enhanced cytotoxicity [101]. Wu et al. [102] 
tested the role of TfR in the H1299-lung cancer cell line by 
blocking the receptor and showed reduced proliferation 
followed by tumour destruction. The co-encapsulation 
of Curcumin and Paclitaxel in TfR-anchored polymeric 
micelles proved their selective cytotoxic effect in both 
Paclitaxel-sensitive and -resistant SK-OV-3 cell lines [103].

6.1.3 � Folic acid

There are several accounts of using folic acid (FA) con-
jugated NPs to target the folate receptor (FR) to make 

use of receptor-mediated endocytosis [104]. As FRs are 
commonly overexpressed in many cancer cells, they are 
widely employed as a drug delivery target. Folate-conju-
gated liposomes have been repeatedly used [105]. Early 
work by Goren et al. showed tenfold higher toxicity on 
M109R cells when doxorubicin-loaded liposomes were 
conjugated with FA [106]. Similarly, drug-loaded PLA-PEG 
block copolymers conjugated with FA ligand displayed 
significantly higher uptake and toxicity when compared 
to non-targeting carriers [107–109]. Recently, there have 
been developments in utilizing a folate-modified lipo-
plex to deliver a plasmid to target lung cancer cells [110]. 
Increased cell uptake and better inhibitory effects have 
also been observed on different cell lines with varying 
carriers of drug conjugated to FA [111–115]. Targeting 
tumours via FR have continued to gain significant atten-
tion in recent years as new techniques to conjugate FA 
have been developed [116, 117].

6.1.4 � Hyaluronic acid

The cluster of differentiation-44 (CD44) is a glycoprotein 
expressed on a wide range of epithelial cells. CD44 plays a 
vital role in varied cellular events like proliferation, migra-
tion, and differentiation through the interactions with 
hyaluronic acid (HA) molecules [118, 119]. CD44 recep-
tors are overexpressed in various malignant tumour cells 
in the brain, head-neck, breast, prostate, and lung cancers 
[120–122]. Various groups have studied specific targeting 
of CD44 receptors using HA to enhance the efficacy of anti-
cancer therapeutics at the tumour sites [123, 124]. Due to 
its non-immunogenicity and biocompatibility, HA is widely 
employed in various formulations, including conjugate-
based nanomedicines, self-assembled NPs, and liposomes 
[125–127]. The specific binding of HA to CD44 receptor 
has become a prevalent method to target and efficiently 
deliver nano-therapeutics to CD44 overexpressed cancer 
cells.

6.1.5 � Peptides

Peptides are a sequence of amino acids that are small 
ligands with immense targeting potential. There are 
numerous possible structures for these moieties. Tumour 
cells generally overexpress many receptors with a pep-
tide as their target molecule. They are especially useful as 
peptide-conjugated NP that are expected to yield fewer 
immunological problems [128].

Integrin αvβ3, considered a crucial element for angio-
genesis, exists at higher levels in tumour cells. Argi-
nine-glycine-aspartic acid (RGD) peptide sequence rec-
ognizes this integrin, and thus the affinity of the RGD 
sequence towards αvβ3 integrin can be utilized for drug 
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delivery devices [86]. An iRGD peptide represents a specific 
sequence of cyclic RGD (cRGD) peptides that can bind to 
αv integrins expressed on tumour endothelial cells [129]. 
When proteases cleave the iRGD peptide, its resultant mol-
ecules show lesser affinity towards αv integrin and higher 
affinity towards neuropilin-1 (NRP-1), promoting tumour-
specific penetration of the molecules. Due to these proper-
ties, iRGD peptides can be used extensively for enhanced 
drug delivery research [130]. Peptides have consider-
able gains over other ligands for their good stability and 
low cost of production. They can be easily conjugated 
by chemical modifications on the surface of NPs [131]. 
Numerous receptors are overexpressed by many cancers, 
to which specific peptides can be engineered as target-
ing molecules. Integrin α6 is a very promising target, with 
results showing a specially designed peptide conjugated 
NP having better targeting and cytotoxicity compared 
to anti-integrin α6 antibody NPs [132]. These conjugated 
peptides can inhibit the proliferation of the cancer cells 
by acting as inhibitors of vital receptors such as VEGFR, 
coupled with drug-loaded NPs, they showed long-term 
circulation and accurate targeting in in vivo studies [133].

Another approach has been to create self-assembled 
peptide NPs conjugated to a drug molecule to enhance 
cellular uptake of the drug by the tumour cells. While this 
approach has led to better targeting of the drug, it was 
shown that the cytotoxicity of the NPs was lower than the 
free drug at lower concentrations [134]. Cell-penetrating 
peptides (CPP) such as the trans-activator of transcription 
have been employed to form NPs. With the added advan-
tage of having significantly more drug-loading capacity, 
these NPs were able to show increased uptake and cyto-
toxicity towards cancer stem cells [135]. Similarly, CPPs 
were also used to develop NPs for tumour theranostics. 
It was shown that it is possible to create NPs that aid in 
imaging the tumour and effectively deliver the drug to 
the cancer cells [136].

6.1.6 � Aptamers

Aptamers are highly sensitive short molecules comprising 
several nucleotides (DNA or RNA) that can change their 
conformation to engage in ligand binding. These nucleo-
tides have the added advantage of being able to be devel-
oped to target molecules of varying sizes or even whole 
cells [137]. Their size and ability to penetrate tumour cells 
make them perfect for delivering payloads to the tumour 
cells [138]. The aptamers are three-dimensionally folded to 
form a specific affinity for the chosen protein [139]. In most 
cases, soluble, purified cell surface proteins are effectively 
used as targets for aptamer selection in vitro (protein-
SELEX) [140]. This would enable us to modify the cell inter-
nalization pathway of the drug, from passive diffusion to 

receptor-mediated endocytosis [141]. Several results have 
shown that aptamer-based NPs can significantly enhance 
the cytotoxicity of several drugs and target specific recep-
tors of interest [142]. Aptamers may have the ability to 
selectively identify cancer stem cells (CSCs), which would 
pave the way for more effective treatments [143].

6.2 � Limitations of active targeting

Cost is a limiting factor in active targeting. Antibodies are 
highly specific and can target a diverse range of structures, 
but at the same time, their production and NP formula-
tion costs are high [144]. Some NPs show promise at the 
lab scale but cannot be replicated in clinical trials. Lack of 
standardization is also a significant limitation in the design 
of new targeted drug delivery systems [145]. A major 
drawback in the conventional method of drug delivery is 
that only a small part of the administered dose reaches 
the tumour, and the rest tends to get localized elsewhere 
in the body. While active targeting increases the efficiency 
of this process, there may be other side effects due to the 
presence of the conjugated ligand in drug internaliza-
tion [146]. Tumour heterogeneity is also a factor as not all 
receptors may be found in high levels of overexpression. 
Rapid clearance from the bloodstream and accumulation 
of the NPs in the spleen and liver before they can reach the 
tumour is also a major factor. While active targeting solves 
many of the issues associated with passive targeting, there 
is a large scope of research to be done to increase the effi-
cacy and localization of NPs in the tumour tissue [86].

7 � Barriers: bench‑to‑bedside research

Despite these rigorous studies, the number of nanomedi-
cines available to patients is far lower than anticipated 
due to a translational gap between animal models and 
human trials [147]. This knowledge gap results from a 
lack of understanding of the physiology and pathology 
variations between animal model species and humans, 
especially how these differences affect the behaviour and 
functionality of nanomedicines within the body. Not only 
do species differences restrict clinical translation, but other 
factors such as the heterogeneity of patients and limited 
research on the interactions between nanomedicines and 
stratified patient groups limit the treatment’s success [148, 
149]. In cancer research, xenogeneic and syngeneic mice 
models are frequently employed. Since they are smaller 
than humans, obstacles to successful clinical translation 
include differences in tumour size, blood volume, heart 
rate, and other relevant physiological factors [150]. When 
compared to humans, the higher heart rate (600/min) 
helps the body to quickly get rid of any chemicals and 
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develop a tolerance to high doses of medications [151]. 
In addition to these biological barriers, technological dif-
ficulties in the creation, improvement, and scalability of 
nanomedicines are a cause for concern [147, 149]. The 
reproducibility and transparency of nanomedicines are 
the major determinants of clinical translation and success 
rate [152]. In 2016, a controversy involving the disparity 
between the therapeutic efficacy of Doxil and LipoDox, 
the generic equivalent, was reported, and the discrep-
ancy in outcomes was only hazily tied to the dependabil-
ity of scale-up production [149, 153, 154]. Another crucial 
point to consider is that the development of nanomedi-
cine has tended to be formulation-oriented rather than 
tumour pathophysiology-oriented, which is vital to note.

8 � Recent emerging direction 
of cancer research: nanomedicine 
to nano‑immunotherapy

Initially, nanomedicine and immunotherapy were mov-
ing simultaneously to provide a complete remission from 
the cancer. Recently, nano-immunotherapy has emerged 
as a focal point of cancer research. Most of the immuno-
therapy agents are less soluble and unstable, with a short 
half-life [155]. The low immunogenicity of the tumour and 
the presence of immune suppressive factors in the tumour 
microenvironment (TME) will inhibit the smooth delivery 
of these agents to the target site [156, 157]. Moreover, 
immunotherapeutic approaches cause severe allergic 
and inflammation reactions in patients due to the use 
of immune cells or immunomodulatory agents at higher 
doses [158]. Since the nano-drug delivery system pro-
vides higher stability, enhanced tumour penetration and 
accumulation, and protection from immune suppressive 
factors, it perfectly compensates for the said drawbacks 
and exerts a tumour-specific immune response [159]. 
A carbon nanodot incorporated in a mesoporous silica 
nanoparticle framework (CD@MSN) has been formulated 
and used for photothermal immunotherapy. Through the 
activation of macrophages and natural killer cells, these 
nanoparticles have altered the cancer microenvironment, 
triggering an adaptive immune response. A reduction in 
tumour-promoting M2-macrophages and an increase 
in tumour-killing M1 macrophages have been linked to 
overall tumour regression after CD@MSN treatment [160]. 
Many established nanocarriers were tested for optimized 
results for immune checkpoint immunotherapy. Differ-
ent nano-based delivery systems have combined anti-
programmed cell death protein 1 (anti-PD1) antibodies 
with other immunomodulatory agents or adjuvants [161, 
162]. To activate natural killer (NK) cells in situ, Zheng 
et al. created immunomodulatory core–shell constructed 

nanoparticles. The pH-responsive with glucose-modified 
poly(2-methacryloyloxyethyl phosphorylcholine)-b-
poly(N-(3-aminopropyl)-methacrylamine) (PMPC-b-PApm/
Glu) shell can separate from the immunomodulatory 
nanoparticle when it is exposed to a tumour’s acidic 
environment. The conjugating phenylboronic acid (PBA) 
and immunoglobulin G (IgG) onto the nBSA surface 
(nBSA-PBA-IgG) naked bifunctional core binds sialic acid 
expressed on the tumour cell membrane right away, ena-
bling IgG to activate NK cells [163]. All these methods 
show that nanoparticles can be used in a variety of nano-
immunotherapies to enhance the specific targeting and 
killing of tumour cells.

9 � Conclusion

The evolutionary growth of cancer nanomedicine was 
exponential. The long 40-year journey has provided vari-
ous opportunities to redefine existing anticancer treat-
ments. Like the compound word ‘cancer-nano-medicine’, 
the review kept the same flow in discussing the factors of 
cancer, technology, and medicine. The first section intro-
duces cancer physiology, existing treatment strategies, 
and their drawbacks. The complexity and heterogeneity of 
tumour tissues restrict the entry and effect of conventional 
drugs. Current chemotherapy treatments involve inject-
ing anticancer drugs into the bloodstream, which reach 
tumours and healthy tissues simultaneously, leading to 
several detrimental effects on healthy tissues. Anticancer 
drugs usually fail to reach therapeutic concentrations at 
the tumour site to treat cancerous cells effectively. In some 
cases, the drug loses its biological activity even before it 
reaches the core part of the tumour. Nanomaterials uti-
lized as vehicles for drug loading have the potential to 
overcome the limitations of conventional medicines. The 
role of physical and chemical properties in nanodrug deliv-
ery systems has been extensively discussed to state their 
dominance over other carrier platforms. These passive and 
active targeted NPs will help to deliver the drug molecule 
at the specific site, making sure that the effect of the drug 
is largely observed at the tumour, thereby reducing the 
side effects for those who undergo the treatment. The 
exclusive overexpression of some cell surface receptors 
like CD44, integrins, and folates in many tumours led to 
the design of targeted nanoparticles with ligand-antibody 
conjugation. Even though nanomedicine research has 
been widespread and has generated promising results in 
in vitro and small animal models, the clinical translation 
rate is insignificant due to various biological and tech-
nological barriers. A brief discussion of recent trends in 
nano-immunotherapy, a newly emerged area, is added to 
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complete the overview of cancer nanomedicine and its 
path-breaking intervention in immune-oncology.

10 � Future perspectives

The complexity of a tumour is mysterious at all physiologi-
cal, biochemical, and molecular levels. The interdisciplinary 
approach is effective in treating cancer but, an in-depth 
understanding and functional merging of technology and 
medicine is crucial. The targeting of tumour microenviron-
ment (TME) is more promising when it utilizes TME factors 
like pH, hypoxia, and infiltrating immune cells [164, 165]. 
The size-tunable nanoparticles are at the developmental 
stages to increase the penetration and retention capabil-
ity [71, 166]. Since the role of mitochondrial regulation 
in tumour cells has been explored now, a few nanodrugs 
targeting mitochondria have been produced to trigger 
apoptosis in cancer cells. Other nanocarrier systems have 
also been investigated in the metabolic reprogramming of 
tumour and associated environment to extend the antitu-
mour response [167, 168]. Even though this research is in 
the primitive phase, we will hope to see new nanodrugs 
with greater modifications will come to market to give a 
complete remission from deadly tumours.
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